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Abstract 
We present angle- and energy-resolved measurements of photoelectrons produced in strong-
field ionisation of Xe using a tunable femtosecond laser. An occurrence of highly oscillatory 
patterns in the angular distribution at low photoelectron kinetic energy is observed that 
correlates with channel closing/opening over a wide range of laser parameters. The correlation 
is investigated both experimentally and by means of systematic analysis of numerical solutions 
of the time-dependent Schrödinger equation (TDSE). Our experimental and numerical results 
are in quantitative agreement with the semi-classical model introduced by Arbó et al. (Phys. Rev. 
A 78, 013406 (2008)), which relates the oscillatory patterns to interference between 
photoelectrons produced during different cycles of the laser pulse in the course of non-resonant 
ionisation of the atom. We observe that an increase of the laser intensity eventually leads to 
qualitative invariance of the pattern, defining a limit on the applicability of the semi-classical 
model. 
(Some figures in this article are in colour only in the electronic version) 
 
1. Introduction 
Two- and three-dimensional photoelectron imaging techniques have recently become an important tool 
in investigations of strong-field light-matter interactions. The simultaneous observation of 
photoelectron kinetic energy and angular distributions in above-threshold ionisation (ATI) is a 
powerful tool for distinguishing different mechanisms that play a role in ionisation. For example, in 
strong-field ionisation of Xe [1] photoelectron imaging facilitated the identification of Rydberg states 
that were involved in resonance-enhanced ionisation. A simple relation was found between the angular 
momentum of these Rydberg states and the number of nodes that were observed in the continuum 
photoelectron angular distributions. 
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In the last few years the kinetic energy region below the first ATI order has attracted a lot of 
attention. A radial fan-like pattern has been observed both experimentally [2, 3] and in calculations [4, 
5, 6, 7, 8], and several theoretical attempts to explain the observed structures have been reported. Arbó 
et al. performed both time-dependent Schrödinger equation (TDSE) calculations and classical-
trajectory Monte-Carlo with tunnelling (CTMC-T) calculations for a hydrogen atom [4], and 
qualitatively reproduced the experimental results of Rudenko et al. [2]. A further analysis of the 
CTMC-T results led to the interpretation that the observed fan-like patterns are due to interference 
between different trajectories of the continuum photoelectrons in the combined laser and Coulomb 
field of the parent ion. In the calculation these trajectories are distinguished by the time of ionisation 
(at different peaks of the laser electric field) and consequently the number of quiver oscillations that 
the electron exhibits in the laser field. The trajectories are strongly influenced by the interaction of the 
electron with both the laser field and the ionic core. This sensitivity of the near-threshold radial pattern 
to the existence of a long-range Coulomb interaction was confirmed by Wickenhauser et al. [5] and 
Chen et al. [6], who performed a comparison between momentum maps resulting from numerical 
solution of the TDSE and from a model based on the Strong Field Approximation (SFA). In the latter 
paper, a number of different long range potentials were used, which included a variable cut-off 
function. An empirical rule was given for the dominant orbital angular momentum in the fan-like 
pattern, which was shown to be determined by the minimum number of photons needed to ionize the 
atom. However, no physical interpretation of this dominant angular momentum was provided. An 
interpretation was recently presented by Arbó et al. [8] in an elaboration of their earlier theoretical 
analysis. In this paper, electron momentum distributions resulting from TDSE and CTMC-T 
calculations were presented for Ar, supporting the notion that the near-threshold radial pattern can be 
quantitatively explained in terms of the properties of interfering classical trajectories in the presence of 
both the Coulomb and laser fields. According to the analysis of Arbó et al. the dominant angular 
momentum in the fan-like patterns is virtually independent of the atomic species. Rather, the classical 
electron angular momentum distribution peaks around a quantum number l0, which depends on the 
laser field amplitude and frequency, or equivalently, the ionisation potential and the minimum number 
of photons needed to reach the continuum. This dependence was quantified in a semi-classical 
expression for l0, that has been shown to provide quantitative agreement with the empirical relation 
proposed by Chen et al. [6] and previously published results of TDSE calculations [4, 5, 6, 9, 10].  
In spite of the rather thorough theoretical description of the radial pattern appearing in the 
electron momentum spectra below the first ATI order, a comprehensive experimental study of this 
phenomenon has been lacking so far. In this paper we present experimental photoelectron momentum 
spectra for Xe over a wide range of intensities and wavelengths that allow the observation of 
qualitative variations in the radial pattern that are related to the occurrence of channel closing effects. 
Specifically, we present measurements at a wavelength of 700 nm over a range of intensities from 
3.4´1013 W/cm2 to 9.5´1013 W/cm2 as well as measurements where the wavelength was varied 
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between 600 and 800 nm, while maintaining a peak intensity of appr. 4-6´1013 W/cm2. In addition, we 
performed extensive TDSE calculations for both Xe and Ar. A systematic analysis demonstrates 
quantitative agreement with the experiments and with the semi-classical expression for the dominant 
angular momentum proposed by Arbó et al. [8]. Furthermore, we observe that an increase of the laser 
intensity eventually leads to qualitative invariance of the pattern, defining a limit on the applicability 
of the semi-classical model. 
 
2. Experimental and theoretical methods  
In the experiment, a commercial laser system consisting of an optical parametric amplifier (OPA, 
Coherent Opera) pumped by 1 mJ from a 1 kHz Ti:Sapphire amplifier system (800 nm, 50 fs) was 
used. The OPA signal output was frequency-doubled using a BBO crystal, providing wavelengths in 
the range from 600 to 800 nm with a FWHM of 10-15 nm. The central wavelength was determined 
with an accuracy of 2 nm using a spectrometer. The linearly polarised laser beam was focused onto a 
pulsed atomic beam (25 Hz) using a spherical normal-incidence silver mirror (f=75 mm). The ejected 
electrons were detected using a Velocity Map Imaging (VMI) spectrometer [11], consisting of a set of 
acceleration electrodes, a flight tube, a dual MCP and a phosphor screen. The DC field strength at the 
laser-atom interaction region was 600 V/cm (appr. 10-7 a. u.) and its effect on the photoelectron spectra 
could be neglected in the presence of a strong laser field (appr. 3´ 10-2 a. u.). Images were recorded 
using a computer-controlled CCD camera. Retrieval of the velocity and angular distribution of the 
measured photoelectrons was performed by using an iterative procedure of inverse Abel transform 
[12]. 
In order to explore the evolution of the momentum spectra with the laser intensity 
photoelectron momentum maps were recorded in Xe for a range of intensities at 700 nm, i.e. using the 
maximum of the OPA efficiency curve. The laser pulse energy Epulse (as measured in the experiment) 
was varied between 25 and 60 mJ by inserting a neutral density filter in the path of the laser beam. 
Experimental images were obtained by summing the electron yield during one minute of acquisition 
time. In addition, images were recorded over a range of wavelengths between 600 and 800 nm while 
attempting to keep the laser intensity constant.  
In what follows the actual intensity that was used in all measurements will be inferred by 
comparing the measured results to numerical solutions of the 3D TDSE within the single -active 
electron (SAE) approximation [ 13], i.e. considering only the response of the outermost valence 
electron to the laser field. In order to solve the TDSE for Xe we used a code based on the method 
outlined in [14, 15] with a pseudo-potential described in [16]. The TDSE for Ar was solved using the 
numerical algorithm described in [17]. Application of this algorithm for calculations of ATI spectra in 
a model Ar atom was previously demonstrated in [18]. Both codes provide energy-resolved electron 
angular distributions [19], which can be converted into a 2D momentum map that allows comparison 
with the experimentally recorded images. For an adequate comparison to the experiment the results of 
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the TDSE calculations were integrated over the laser focal volume using the prescription described in 
[20], assuming a Gaussian focus in an infinitely extended medium. The temporal profile of the laser 
pulse was modeled with a sine-squared envelope typically containing 60 optical cycles. In our 
discussion, atomic units (e=me=h=1) will be used throughout, unless mentioned otherwise. 
 
3. Results  
Figure 1 shows a series of slices through the 3D velocity and angular distribution of the ionised 
electrons (i.e. a momentum map) for ionisation of Xe at a 700 nm wavelength, where experimental 
images presented on the left are compared to TDSE results on the right. The vertical and horizontal 
axes in figure 1 show the electron momenta in a range from –0.4 to 0.4 a.u. parallel and perpendicular 
to the laser polarisation axis, respectively. This momentum scale corresponds to electron kinetic 
energies up to around 2.2 eV. The calculations are simulations of the experiment including full 3D 
volume averaging, assuming a laser focus up to an intensity specified by a value of the vector potential 
Amax = (I0/w2)1/2 = F0/w where I0 is the peak laser intensity and F0 is the amplitude of the laser field. 
The peak laser intensity used in the calculations was chosen to provide the best agreement with the 
experimental data (based on visual inspection). Assignment of the matching pairs shows that the 
experiment covers a range of intensities from 3.4´1013 W/cm2 to 9.5´1013 W/cm2 with an estimated 
error of less than 5% in the individual intensities.  
We distinguish two major contributions in the electron momentum spectra in figure 1. At 
values of the electron momentum higher than 0.2 a.u. the momentum maps are dominated by sharp 
oscillatory features, which can be attributed to (n+1) resonance-enhanced ionisation via intermediate 
Rydberg states. A second contribution corresponds to electrons with an absolute value of the 
momentum below 0.2 a.u., i.e. a kinetic energy below 0.5 eV. This low-energy part of the 
photoelectron spectrum is characterised by highly oscillatory angular distributions and a continuous 
energy distribution extending down to zero.  
The qualitative difference between these two contributions is reflected in their evolution with 
the laser intensity. Due to the fact that high-lying Rydberg states experience a ponderomotive Stark 
shift that is very similar to that of the ionisation threshold, ionisation via a selected resonant state will 
result in a photoelectron with the same kinetic energy independent of the laser intensity. An increase 
in the intensity will mainly be reflected in an increase of the ponderomotive energy and hence in the 
number of photons needed to resonantly populate a given Stark-shifted Rydberg state. A change in the 
number of photons required for resonant population of a Rydberg series is known as channel switching. 
Due to dipolar parity-selection rules channel switching is accompanied by an alternation between the 
excitation of odd- and even-parity Rydberg states and therefore manifests itself in changes in the 
photoelectron angular distribution. Monitoring the development of the resonance-induced feature at a 
kinetic energy of 1.2 eV (indicated with a circle in figure 1a and 1g) as a function of intensity, we 
observe a qualitative change in the angular distribution around an intensity of 6´ 1013 W/cm2, which 
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corresponds to channel switching from (7+1)-photon ionisation via the 5g Rydberg state to (8+1)-
photon ionisation via the 5f Rydberg state [21]. This behaviour will not be elaborated here, but will be 
the subject of a future publication. 
The evolution of the pattern below the first ATI order (typically below 0.5 eV, which 
corresponds to the part of the electron momentum spectra below 0.2 a.u.) is very different from the 
resonance-enhanced ionisation channel. At the lowest intensity one can observe strong contributions 
around a momentum of 0.18 a.u. (kinetic energy around 0.45 eV) at zero and 45 degrees and weaker 
features at 80 degrees from the vertical laser polarisation axis (see figure 1). Hardly any structure is 
present at lower energies. Raising the intensity to 4.5´ 1013 W/cm2 one can see an extension of the 
observed contributions to lower energies. From here on and up to 8.3´ 1013 W/cm2 the pattern forming 
the near-threshold energy region of the momentum maps consists of features fanning out radially from 
the centre of the image with a constant angular distribution. At 9.5´ 1013 W/cm2, the highest intensity 
accessible in our experiment, the radial structure is washed out. 
The evolution of the low-energy pattern becomes more dramatic when the laser wavelength is 
changed. Figure 2 shows a series of momentum maps for wavelengths between 600 and 800 nm at 
intensities that were on average 4-6´1013 W/cm2. In these measurements the ratio of double-to-single 
ionisation of Xe was used as a rough indicator of the intensity in the measurement, and efforts were 
taken to keep this ratio as constant as possible. Even so, the variations of the intensities used, as 
inferred from a comparison of the data with TDSE results that are again shown on the right, were as 
high as a factor 2. Nevertheless, this disadvantage is offset by the fact that much more significant 
changes in the low-energy pattern occur in this dataset. These changes are most conveniently 
illustrated in the column shown to the right of the TDSE momentum maps, where the calculated 
angular distributions at a photoelectron kinetic energy of 0.25 eV (p=0.135 a.u.) are shown. One can 
clearly see how between 600 and 800 nm the number of minima in the angular distribution changes a 
number of times, with sometimes a maximum appearing at 90 degrees with respect to the laser 
polarisation direction, and sometimes a minimum. For example, at 800 nm the photoelectron angular 
distribution exhibits 5 minima between 0 and 180 degrees including a minimum at 90 degrees with 
respect to the laser polarisation axis (figure 2a). Shortening the wavelength to 770 nm, the number of 
oscillations in the angular distribution changes to 4 and a maximum appears at 90 degrees (figure 2b). 
Further decrease of laser wavelength leads once more to 5 minima in the angular distributions at 730 
and 700 nm (figure 2c, 2d) and to 4 minima at the shorter wavelengths (figure 2e-2g). 
In order to analyze the evolution of the near-threshold pattern with the laser wavelength and 
intensity, the good qualitative agreement between the experimental and theoretical results will be 
exploited and we will perform our analysis on the basis of computational results. Specifically, we will 
monitor the number of minima in the calculated angular distributions as a function of laser wavelength 
and intensity. Figure 3a shows a contour plot, where the number of minima in the angular distribution 
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of Xe between 0 and 180 degrees with respect to the vertical polarisation axis at a fixed electron 
kinetic energy of 0.25 eV (momentum around 0.14 a.u.) is presented as a function of the laser 
wavelength and the maximum of the vector potential Amax. The number of minima is encoded in the 
colour scale. The solid lines highlight the borders for channel closings/openings and are calculated as  
 
w = (IP+Up)/n,         (1) 
 
where IP=0.446 a.u. is the ionisation potential of Xe, Up=I0/4w2 the ponderomotive energy of electrons 
in a laser field with peak intensity I0 and frequency ?, and n is the number of photons required to reach 
the ponderomotively shifted ionisation threshold from the ground state. In figure 3a n=7 for the 
uppermost curve and n=17 for the lowermost curve. The parabolic shape of the curves is related to the 
quadratic dependence of the ponderomotive shift on the vector potential Up=Amax2/4. A clear 
correlation between the channel closings/openings and the change in the number of minima in the 
angular distribution can be concluded from the contour plot. The parameter range of the experimental 
data presented in figures 1 and 2 is shown with white and black diamonds , respectively. As observed 
in the experiment the photoelectron angular distributions of the near-threshold pattern demonstrate 5 
minima for all measurements at 700 nm and either 4 or 5 minima for the measurements between 800 
and 600 nm. In connection with figure 1, the contour plot in figure 3a shows 5 minima at 700 nm for 
Amax between 0.55 and 0.75 a.u. This intensity range is bracketed by the 8-photon channel closing at 
Amax=0.55 a.u. and closing of the 9-photon channel at Amax=0.75 a.u. Interestingly, both in the 
experimental and the calculated momentum maps the structure in the near-threshold region is very 
well-resolved within the 9-photon channel intensity range and becomes somewhat diffuse just beyond 
that range at Amax=0.48 a.u. and Amax=0.8 a.u. (see figure 1), where according to the contour plot  the 
transitions to the 8-photon and 10-photon channels take place. In connection with the measurements 
shown in figure 2, the contour plot in figure 3a clearly shows that the modulation of the angular 
distributions in the wavelength-dependent experimental data is connected to channel closings. 
Accordingly, 5 minima are observed in the angular distribution at 800 nm from 11-photon ionisation. 
This is followed by 4 minima at 770 nm (part of the 10-photon channel), and this is followed by 5 
minima at 730 and 700 nm, as part of the 9-photon channel. The appearance of low-energy 
photoelectrons at a channel closing was previously observed and described by Schyja et al. [22]. In 
their experiment the observation of the near-threshold pattern was related to the 9-photon channel 
closing at 800 nm as the intensity increased from 1.2´ 1013 W/cm2 to 4´ 1013 W/cm2. The 9-photon 
channel closing is expected at 3´ 1013 W/cm2 (Amax=0.52 a. u.) at 800 nm. According to the contour 
plot 6 minima are then expected in the angular distribution, which is in full agreement with the angular 
distribution presented in [22]. 
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Remarkably, the correlation between the number of minima in the angular distributions of the 
near-threshold pattern and the conditions for channel closing/opening is much worse at high values of 
Amax for laser frequencies above 0.06 a.u. The breakdown of the correlation persists at even higher 
intensities as we have observed in TDSE calculations for Ar (figure 3b). Analogous to figure 3a, the 
solid lines indicating channel closings/openings in figure 3b are calculated using Eqn. (1), where 
IP=0.579 a.u. is the ionisation potential for Ar. In this case, n=7 for the uppermost curve and n=17 for 
the lowermost curve. At Amax<1 a.u. a correlation between the channel closings/openings and changes 
in the number of minima in the angular distribution is indicated in the contour plot. At higher 
intensities however (Amax>1 a.u.) this correla tion breaks down and the angular distributions become 
independent of the maximum of the vector potential. Invariance of photoelectron momentum spectra 
with intensity was previously observed by Maharjan et al. [3]. In their experiment the photoelectron 
momentum spectra measured in Ar at 640 nm show almost identical patterns at intensities of 7.08´1014 
W/cm2 and 8.2´1014 W/cm2. The TDSE simulations performed by Morishita et al. [23] explain this 
observation by taking into account the effect of ground state depletion and the laser focal volume 
averaging. Inspecting the differential intensity contributions to the low-energy part of the 
photoelectron spectrum Morishita et al. demonstrate that major contributions to the ionisation yield 
come from relatively low intensities around 2´ 1014 W/cm2 (Amax=1.1 a.u.) that are present in the focal 
volume. Consistent with this explanation, the angular distributions in our calculations of the near-
threshold pattern for Ar remain unchanged at Amax>1 a.u. (figure 3b). We note that the near-threshold 
pattern experimentally observed in Ar at 640 nm and at various intensities in [3] and calculated under 
the same conditions in [23] is well reproduced in our calculations (not presented here).  
Until recently, the origin of the angular distribution of near-threshold photoelectrons has 
remained an open question. In their theoretical study of photoelectron momentum spectra in Argon, 
Neon, Helium and Hydrogen, Chen et al. [6] established a relation of the radial pattern to the long-
range Coulomb potential of the parent ion and suggested an empirical rule for the prediction of the 
dominant angular momentum of the near-threshold photoelectrons. According to their model the 
number of minima in the angular distributions near threshold depends only on the number of photons 
absorbed and does not change until the next channel closing. Very recently Arbó et al. [8] have 
derived a semi-classical expression for the dominant angular momentum of the emitted electrons, 
whose classical trajectories interfere in the presence of both the Coulomb and the laser fields. 
Providing a quantitative agreement with the empirical relation proposed by Chen et al. [6], the 
analytical formula by Arbó et al. shows that the near-threshold electron angula r distribution depends 
on the laser field amplitude and frequency, or alternatively, on the field amplitude, ionisation potential 
and the minimum number of photons needed to reach the continuum.  
The semi-classical prediction by Arbó et al. has shown good quantitative agreement with the 
previously published results of TDSE calculations for various atomic species. In figure 4 we compare 
the results given by the analytical formula derived by Arbó et al. with the results of our experiment 
 8 
and TDSE calculations for Xe and Ar. According to [8] the dominant classical angular momentum L 
of photoelectrons with close-to-zero final kinetic energy can be expressed in the following way:  
 
L=(2ZTa)1/2 ,          (2) 
 
where ZT is the asymptotic charge of the atomic potential and a = Amax/w = F0/w2 is the electron quiver 
amplitude in a laser field with amplitude F0, frequency w and a maximum of the vector potential Amax.  
As emphasised in [8], the prediction of the classical angular momentum given by Eqn. (2) is valid 
within the uncertainty L±1 due to quantum discreteness. In figure 4a the semi-classical prediction of 
the number of minima is shown with a solid line as a function of the maximum of the vector potential 
Amax at a constant laser frequency w=0.065 a.u. (l=700 nm). Our experimental data for Xe (shown 
with diamonds) fit very well with the semi-classical prediction within the quantum ‘binning’ 
uncertainty (shown with dashed lines). We also present the results of our TDSE calculations for Xe 
and Ar at 700 nm for Amax = 0.45 – 1.0 a.u. and Amax = 0.45 – 1.8 a.u, respectively. In agreement with 
the semi-classical prediction, we observe an overall increase of the dominant angular momentum with 
the maximum of the vector potential. In addition, the TDSE results clearly demonstrate a modulation 
of the angular momentum with the occurrence of channel closings as the vector potential grows. In 
figure 4a the channel closing events for Ar and Xe are marked with vertical bars in the top (Ar, blue) 
and in the bottom (Xe, red) parts of the graph, respectively. The labels at the vertical bars correspond 
to the minimum number of photons required to reach the ionisation threshold. The quantitative 
agreement of the TDSE results with the semi-classical prediction is observed over a large range of 
Amax for both Ar and Xe and confirms the universal character of the electron dominant angular 
momentum near ionisation threshold, independent of the atomic properties.  
 Further inspection of figure 4a reveals deviations of the TDSE results from the semi-classical 
prediction at high values of Amax. The invariance of the electron angular distributions at relatively high 
intensities that we discussed above in relation to figure 3, leads to a departure from the semi-classical 
model. This can be clearly observed in figure 4b, where the classical angular momentum is compared 
to the TDSE results for Ar at several laser wavelengths. Note that plotting the dominant angular 
momentum against the electron quiver amplitude eliminates the dependence of the semi-classical 
prediction on the laser frequency according to Eqn. (2). Figure 4b shows that for a given laser 
frequency, there is a certain quiver amplitude, or alternatively, laser intensity, beyond which the 
dominant angular momentum remains unchanged and eventually leaves the uncertainty range of the 
semi-classical prediction. This observation sets a limitation for the semi-classical model and should be 
taken into account for comparison with experimental results at high intensities. 
 
4. Conclusion 
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In conclusion, we have performed an experimental and theoretical study of the photoelectron 
properties in near-threshold atomic ionisation. We have experimentally observed that the evolution of 
the electron angular distribution near the ionisation threshold is not sensitive to the channel switching 
effect and therefore, not related to resonant ionisation. Rather, our experiment provides quantitative 
agreement with the semi-classical model of Arbó and co-workers [8], which relates the origin of the 
oscillatory angular distribution of slow photoelectrons to interfering classical electron trajectories 
launched at different times during the laser pulse. Systematic analysis of the near-threshold pattern in 
our TDSE calculations as a function of the laser frequency and the maximum of the vector potential 
has demonstrated a correlation of the dominant angular momentum of the electron with channel 
closing/opening effects over a wide range of parameters. Our TDSE calculations predict a breakdown 
of this correlation upon further increase of laser intensity. 
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Figure 1. (Colour online) Experimental (left column) and calculated (right column) momentum maps 
for ionisation of Xe at a wavelength of 700 nm and at various intensities: a) Epulse=25 mJ, Amax=0.48 
a.u. (3.4´1013 W/cm2); b) Epulse=30 mJ, Amax=0.55 a.u. (4.5´1013 W/cm2); c) Epulse=35 mJ, Amax=0.63 a.u. 
(5.9´1013 W/cm2); d) Epulse=40 mJ, Amax=0.66 a.u. (6.4´1013 W/cm2); e) Epulse=45 mJ, Amax=0.71 a.u. 
(7.5´1013 W/cm2); f) Epulse=50 mJ, Amax=0.75 a.u. (8.3´1013 W/cm2); g) Epulse=60 mJ, Amax=0.8 a.u. 
(9.5´1013 W/cm2). The logarithmic false-colour scale covers 5 orders of magnitude. The white circles 
show the contribution from electrons corresponding to one-photon ionisation via 5g/5f Rydberg state, 
leading to photoelectrons with a kinetic energy of 1.2 eV. 
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Figure 2. (Colour online) Experimental (left column) and calculated (middle column) momentum 
maps for ionisation of Xe at various wavelengths and intensities: a) 800 nm, Amax=0.77 a.u. (6.7´1013 
W/cm2); b) 770 nm, Amax=0.7 a.u. (6´1013 W/cm2); c) 730 nm, Amax=0.54 a.u. (3.9´1013 W/cm2); d) 
700 nm, Amax=0.55 a.u. (4.5´1013 W/cm2); e) 680 nm, Amax=0.45 a.u. (3.2´1013 W/cm2); f) 650 nm, 
Amax=0.52 a.u. (4.6´1013 W/cm2); g) 600 nm, Amax=0.53 a.u. (5.7´1013 W/cm2). The logarithmic false-
colour scale covers 4 orders of magnitude. The right column shows experimental and calculated 
angular distributions at a photoelectron kinetic energy of 0.25 eV (p=0.135 a.u.). 
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Figure 3. (Colour online) Contour plots showing the number of minima between 0 and 180 degrees in 
the angular distributions in a) Xe and b) Ar, calculated at the photoelectron kinetic energy 0.25 eV as 
a function of the laser wavelength and the maximum of the vector potential. The solid lines show the 
borders for channel openings/closings, where the uppermost and lowermost curves correspond to 7-
photon and 17-photon channel closing, respectively (see labels for the top curves). White and black 
diamonds in a) show parameters range of the experimental data presented in figures 1 and 2, 
respectively. 
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Figure 4. (Colour online) a) Dominant angular momentum as a function of the maximum of the vector 
potential Amax at the laser wavelength l=700 nm. Diamonds – experimental data. Triangles and 
squares – TDSE for Xe and Ar, respectively. Vertical bars in the top and in the bottom parts of the 
graph show channel closing events for Ar and Xe, respectively. Solid line - semi-classical prediction 
[Eqn. (2)], dashed lines limit the uncertainty area due to quantum discreteness. b) Dominant angular 
momentum as a function of the quiver amplitude a. Squares, triangles and circles are TDSE 
calculations for Ar at 700, 600 and 450 nm laser wavelength, respectively. Solid line - semi-classical 
prediction [Eqn. (2)], dashed lines limit the uncertainty area due to quantum discreteness. 
